Three methods of determining lipase activity were optimized, validated, and compared using skim and whole milk. A chromogenic ester (p-nitrophenyl caprylate) was used in all to quantify the enzyme activity through the release of p-nitrophenol. It was measured colorimetrically (method A) or spectrophotometrically (methods B and C) with a clarifying reagent to render the samples measurable. Methods B and C differed because an inhibiting mixture was used in the latter method to better stop the enzymatic reaction. All the methods were reliable; they were linear in the range of 0 to 300 mU/ml of the enzyme, and the least detection and quantification limits were 9.31 and 31.03 mU/ml of lipase, respectively. Precision, measured as relative standard deviation, was between 1.52 and 4.94%, and mean recoveries ranged between 81 and 90%.
INTRODUCTION
Raw milk, and even processed milk, may deteriorate because of the effect of some enzymes such as lipases (Driessen, 1983) . The activity of these enzymes in milk and dairy products involves the hydrolysis of triacylglycerides that cause rancid and soapy flavors due to the build up of fatty acids and other derivative products (Luquet, 1991) .
Milk is usually stored cooled before processing, which favors the growth of psychrotrophic bacteria. Those microflora are typically dominated by Pseudomonas species (mainly Pseudomonas fluorescens), which account for approximately 50 to 75% of the gram-negative organisms in milk (Blake et al., 1996) . Pseudomonas species produce extracellular lipases that may remain active after the usual thermal treatments applied in the manufacture of dairy products (Driessen, 1983) . Very small amounts of lipase can produce functional and sensory defects during storage and after processing milk (Deeth et al., 1983; San José et al., 1983) . So, a fast and sensitive method is required to detect small concentrations of these enzymes in routine analysis.
Various procedures have been developed to determine the residual activity of lipases in milk; however, those assays tend to be unsuited for widespread commercial use because of their slowness and limited sensitivity (Blake et al., 1996) . Some methods are based on the extraction and titration of fatty acids (Adams et al., 1981; Deeth et al., 1983) . A conductimetric method, based on the acidification of milk, was described by Ballot et al. (1984) ; Christen and Marshall (1984) also described a diffusion method in an agar medium with tributyrin as substrate. Other procedures that require expensive systems or sophisticated techniques have been developed, such as the one described by Jensen (1983) , which uses radioactive components; Walde and Luisi (1989) reported an infrared spectroscopy method; Veeraragaban et al. (1990) and Maurich et al. (1991) described an HPLC method, and O'Connor et al. (1992) used a nuclear magnetic resonance technique.
Reflectance colorimetry with tributyrin may be used to measure the lipase activity (Richardson et al., 1989) , but the detection limit is too high to be used in products containing small concentrations of the enzyme. Dias and Weimer (1995) introduced the use of chromogenic substrates and reflectance colorimetry in milk to determine enzymatic activity. They suggested that this technique might better estimate lipase activity in dairy products. Afterwards, Blake et al. (1996) used colorimetry to measure lipase activity monitoring the hydrolysis of a chromogenic ester (p-nitrophenyl caprylate; p-NPC).
Spectrophotometric and fluorometric methods require tedious sample preparations due to the opacity of milk and dairy products (Jacks et al., 1967; Mckellar et al., 1986; Stead, 1983) . However, Humbert et al. (1997) described a simple spectrophotometric method to measure lipase activity in milk samples using pnitrophenyl butyrate as substrate after eliminating the turbidity with a product called Clarifying Reagent (1987) . This reagent renders soluble casein micelles and fat globules and allows direct spectrophotometric measurements without separation and extraction steps.
The use of chromogenic phenolic esters, as described by Blake et al. (1996) and Humbert et al. (1997) , seemed to be simple and fast for determining residual lipase activity in milk; moreover, only basic apparatus was required.
Therefore, a reflectance method based on Blake et al. (1996) and two spectrophotometric methods based on Humbert et al. (1997) were developed and optimized for determining the activity of a commercial lipase of P. fluoresecens in skim and whole milk in the range 0 to 300 mU of the enzyme per milliliter. The activity was measured by monitoring the hydrolysis of p-NPC, which releases the yellow chromogen, p-nitrophenol. Thus, the objectives of this study were to validate and compare the three optimized methods and also to evaluate the effect of the fat content of milk and the enzyme concentration in the sensitivity, accuracy, and precision of the measurements.
MATERIALS AND METHODS

Reagents
Skim milk (SM) and whole milk (WM) treated by UHT were supplied by 'Granja Castelló, S.A.' (Mollerussa, Spain) . The absence of lipase activity in the samples was verified to avoid problems in the validation process.
Lipase (42 U/mg) from Pseudomonas fluorescens [9001-62-1], was obtained from Aldrich (Steinheim, Germany). The activity was expressed in milliunits per milliliter after verifying that there is a linear correlation between lipase activity in milliunits per milliliter (from commercial information) and lipase concentraJournal of Dairy Science Vol. 84, No. 7, 2001 tion in milligrams per milliliter using the evaluated methods.
p-Nitrophenyl caprylate, hydrochloric acid (1 M), phenylmethanesulphonyl fluoride, dimethylformamide, and sodium azide were obtained from Sigma (St. Louis, MO). Clarifying Reagent, sodium hydroxide (1 N), and tris(hydroxymethyl) aminomethane were provided by Prolabo (Fontenay S/Bois, France). Dimethylsulfoxide, acetone, and EDTA (disodium salt) were from Riedel de Haën (Seelze, Germany).
Solutions
Firstly, a stock solution of 1000 mU of lipase per milliliter was prepared by diluting the powdered enzyme in distilled water. Milk samples with 0, 50, 100, 125, 150, 200, 275 and 300 mU of lipase per milliliter in SM or WM were prepared with the stock solution. Before running the analysis, a p-NPC solution (0.005 M) was prepared by adding 1326.50 mg of p-NPC to 1000 ml of dimethylsulfoxide. A pH 8.5 buffer was prepared by mixing 250 ml of tris(hydroxymethyl) aminomethane (0.2 M) with 173 ml of hydrochloric acid (0.1 M) and diluting it with distilled water to 1000 ml.
An inhibiting mixture was obtained by mixing three volumes of 0.06 M EDTA (disodium salt) (adjusted to pH 7.6 with NaOH) with 1 volume of 0.06 M phenylmethanesulphonyl fluoride diluted in dimethylformamide.
Apparatus
The following were used: spectrophotometer: UV/Visible CECIL, CE 1021, England; colorimeter: Macbeth Color-Eye 3000, New Burg, New York, NY; thermostatic bath: Clifton-NE4D (14 L), Weston-SuperMare, England.
Assayed Methods for Lipase Activity Estimation
Three methods that use p-NPC as substrate were modified. In all the cases, blanks were prepared with milk without lipase, using the same conditions of assay.
Method A [modified Blake et al. (1996) method]. The analysis was started by placing 1 ml of the p-NPC solution and 20 ml of pH 8.5 buffer in each of the test tubes. Then, the reaction was started by the addition of 1 ml of the milk sample (containing the enzyme) in each one. After stirring, the tubes were incubated for 1 h at 37°C. Next, the b* color value (blue to yellow) was measured colorimetrically.
Method B [first modified Humbert et al. (1997) method].
To run the analysis, 100 µl of p-NPC solution, 2 ml of pH 8.5 buffer and 500 µl of SM plus enzyme or 400 µl of WM samples plus enzyme were placed in a test tube. This mixture was incubated at 37°C for 30 min for SM or 45 min for WM. Finally, 1 ml of Clarifying Reagent was added to each tube. After stirring, they were incubated at 37°C for 3 min, and the mixture was transferred into cuvettes to read the absorbance at 412 nm.
Method C [second modified Humbert et al. (1997) method]. The procedure used in this method was similar to that of method B. The only difference was that 3 min before the addition of the Clarifying Reagent, 400 µl of the inhibiting mixture was dropped to each test tube.
Validation and Comparison of the Analytical Methods
The analytical characteristics of the tested methods in WM or SM were validated to ensure the suitability of the analytical requirements and the reliability of the results. Afterwards, the three methods were compared. The statistical treatments were performed with the Statgraphics plus version 2.1. for Windows, statistical software (Statistical Graphics Co., Rockville, MD).
Validation. The three methods considered were validated through their linearity, sensitivity, precision, and accuracy.
Linearity. The relation between the concentration of lipase (dependent variable) and the b* parameter in method A or the absorbance at 412 nm in methods B and C (independent variable) defined linearity.
After verifying the normal distribution of the results, linearity was evaluated in milk with different fat content (SM or WM) by the analysis of variance of the regression equation. The experimental Fisher value (F exp ) was compared with its tabulated value (F tab ) for 1 and n-2 degrees of freedom (Steel and Torrie, 1980) . If F exp was higher than F tab , the existence of a linear relationship between both variables (P < 0.001) was accepted. Table 1 . Linearity parameters of the calibration lines to determine lipase activity in skim milk (SM) or whole milk (WM) using three analytical methods. Methods with different superscript differ in r-value (P < 0.05).
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A: colorimetric method; B: spectrophotometric method; C: spectrophotometric method using inhibitng mixture. The correlation coefficient (r) was calculated by means of least squares analysis, after three repetitions of seven different concentrations (0, 50, 100, 150, 200, 250 , and 300 mU/ml) for each method and fat content of milk. The r-value indicated the relatively strong relationship between the variables.
Afterwards, the coefficient (r 2 ) was determined to find the extent of the total variability of the response that could be explained by the linear regression model. Sensitivity. The detection limit (DL) and quantification limit (QL) were calculated from the calibration lines that defined linearity, using the Long and Wineforder criterion (Long and Winefordner, 1983) . The values of the slope of the calibration lines (b) and the standard error of the independent term of the regression (S b1 ) were required. They were calculated according to the equations [1] and [2] .
Precision. The precision of the method indicated the degree of dispersion obtained with a series of determinations on the same sample.
Six measurements were performed for each one of the examined methods in SM or WM containing 125 mU/ml of the enzyme. The standard deviation and the relative standard deviation (RSD) were calculated, and the adequacy of the RSD to the Horwitz criterion (Horwitz, 1982) was evaluated. To consider RSD acceptable in terms of precision, the experimental values (RSD exp ) should be lower than the RSD calculated throughout the Horwitz formula (equation [3] ), where C is the average concentration of the analite. Accuracy. This parameter showed the proximity between the experimental values and the real ones. It ensured that no loss or uptake occurred during the process. The determination of this parameter was performed for each method on SM or WM by studying the recovery after a standard addition procedure with two addition levels. The initial content of the samples was "none detectable" and after the addition, concentrations of 75 and 275 mU of lipase per milliliter were reached. Six determinations were carried out for each addition level, and the percentage of recovery was calculated.
The homogeneity of variances of the measurements for each assayed level was verified by a Cochran test (Steel and Torrie, 1980) . The mean recoveries of each level were compared using Student's t-test, comparing the experimental tvalue (t exp ) to the tabulated one (t tab ) for (n-1) degrees of freedom (Steel and Torrie, 1980) . Therefore, an average value of both levels could be considered when t exp was lower than t tab .
Comparison of the methods. To compare the methods in terms of linearity, sensitivity, and recovery, first a variance analysis was performed to study the influence of the different factors on each evaluated parameter. Afterwards, a multiple comparison procedure determined which means were significantly different from which others. The method currently used to discriminate among the means was Fisher's least significant difference (LSD) procedure (P < 0.05). Results of linearity were compared with three calibration lines with their respective r-value. The DL and QL were used to compare the sensitivity of each method. Finally, to carry out the comparison test on the accuracy, all the values of recovery of each set of analysis were considered.
RESULTS AND DISCUSSION
Linearity
Reflectance (method A) and absorbance (methods B and C) responses to the enzymatic activity of 0 to 300 mU of lipase per milliliter were linear (Table 1) . Least squares analysis lead to correlation coefficients r > 0.974 in all the cases (P < 0.001; Table 1 ). The coefficients of determination (r 2 ) were higher than 94.8% for method A and higher than 97.4% for methods B and C (Table 1) .
The correlation coefficients of the calibration lines were determined to compare the goodness of the linear- ity. No differences were observed on the r obtained using milk with different fat content (P < 0.05; Table 1 ).
But the results in terms of linearity goodness were significantly different (P < 0.05) depending on the analytical method. The degree of linear relationship between both variables for spectrophotometric methods (B and C) was similar, and better than that obtained using the colorimetric one (A) ( Table 1) .
Sensitivity
The values of DL and QL are shown in Table 2 , where it can be observed that both limits were lower when using the spectrophotometric methods (B and C). With methods B and C, DL and QL had maximal values of 20.40 and 68.00 mU/ml, respectively. Whereas maximal values for method A were 28.83 and 96.10 mU/ml, respectively.
The results of sensitivity were compared, and we observed that both DL and QL depended significantly on the kind of milk and on the analytical method applied. In both parameters, DL and QL, methods B and C had better results than method A. Therefore, spectrophoto- Methods with different superscript differ in recoveries (P < 0.05). Test to determine differences on the recoveries obtained in levels I and II, t tab(5, 0.001) = 6.869.
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Test to determine differences among the mean recovery obtained and the theoretical 100%, t tab(11, 0.001) = 4.437. Vol. 84, No. 7, 2001 metric methods had higher sensitivity in terms of detection and quantification (Table 2) .
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Performing each analytical method with different kinds of milk led to different results in every case (Figure 1) . Methods A and C gave similar results in DL and QL with SM or WM, but method B held lower DL and QL when determinations were carried out in SM. On the other hand, method A always had higher values of DL and QL (Figure 1) . So, method A is less sensitive than methods B and C. Table 3 shows that RSD of less than 5% were obtained in all the cases and that each was satisfactory according to the Horwitz criterion (Horwitz, 1982) .
Precision
Accuracy
The homogeneity of variances of the recovery was verified through a Cochran test (Table 4 ). Student's ttest showed that the recovery of lipase did not depend on the enzyme concentration except for WM using (Table 4) . Therefore, the final recovery was the average of the results obtained in both levels of addition for each method and kind of milk, except for the method A using WM (Table 4) .
Method A was the one that better recovered the enzymatic activity (P < 0.05). But the only method that led a recovery similar to theoretical 100% was method B with SM (Table 4) .
There were interactions among all the factors studied (analytical method, fat content, and lipase concentration) (P < 0.05) (Figure 2 ). The best recoveries for method A were obtained using WM and in the lower level of addition (Figure 2a and b) . On the contrary, method B obtained the greatest recoveries from SM, but at the highest concentration of lipase (Figure 2a and b). The recoveries of method C depended only on the fat content of the milk, SM being the one where the best recovery was observed (Figure 2a and b) . When considering samples of milk with different lipase concentration, we observed that the recovery obtained in samples of SM and WM with 75 mU of lipase per milliliter were similar, whereas SM presented much better recovery than WM when the lipase content of the samples was 275 mU/ml (Figure 2c) . Thus, better recovery was obtained at higher concentrations of lipase and in SM.
CONCLUSIONS
All the studied methods were significantly linear in the range of 0 to 300 mU/ml. Sensitivity was studied throughout the parameters DL and QL and the least values were, respectively, 9.31 and 31.03 mU/ml. These values are sensitive enough to determine lipase activity in natural milk. In terms of precision, all the methods fulfilled the Horwitz criterion, so, all of them may be considered precise. The accuracy was studied through the recovery of two levels of addition. The results did not depend on the lipase content of the samples except for the colorimetric method with WM.
Spectrophotometric methods (B and C) had better linearity and sensitivity than the colorimetric one, showing the lowest DL and QL in SM. The accuracies of spectrophotometric methods were similar and better than that obtained by colorimetry with WM, while when measuring the lipase activity in SM the best accuracy was for the colorimetric method. Spectrophotometric methods showed similar results in the statistical studied terms and showed better results in most of the evaluated parameters than the colorimetric assay. Moreover, spectrophotometric methods let the detection of smaller enzyme concentrations; consequently, they are more suitable. However, the spectrophotometric method that uses an inhibiting mixture to stop the enzymatic reaction (method C) had lower recoveries than the other one (method B). Then, the use of that mixture does not improve the results, and, moreover, it makes the procedure more tedious and expensive. So, method B may be chosen for routine analysis.
